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Abstract 
 
Objects that are about to confront us are crucial for 
prospective actions. Even if we are not able to see 
what is approaching, the processing of auditory 
information enables us to identify the direction of 
moving sound sources. Various mechanisms allow us 
to accomplish this task most effectively. To date all of 
the mechanisms that have been widely discussed are 
based on sound-level differences or on timing aspects 
of incoming sounds. We considered sound sources 
which move radially towards or away from the listener 
emitting signals with constant amplitudes. If objects 
are too far away from us to produce any perceivable 
level differences, we have to rely on other acoustic 
cues. 
In an experiment using synthesized sounds in a 
virtual environment, we show that the so-called 
Doppler effect, which shifts the frequency of the direct 
sound and its reflections, is sufficient to identify 
correctly whether a moving sound source approaches 
or recedes.  
 
1. Introduction 
 
From an evolutionary point of view it is very 
important for us to know whether or not we will be 
confronted with a dangerous, pleasurable or simply 
interesting object. Whenever we perceive (visually 
and/or acoustically) an object moving towards us, 
several innate options have to be considered: 
fight/flight, eating, mating etc. Thus, it is highly likely 
that the ability to detect the direction of moving objects 
has been supported during evolution.  
Regarding the auditory domain, to identify the 
direction of an object moving radially, several acoustic 
cues have to be considered: the attenuation of high 
frequencies by the absorption of the air, changes in the 
angles of the reflections of moving sounds, amplitude 
changes of incoming sounds, and changes in the direct-
to-reverberant energy ratio [1, 2, 3]. A prerequisite for 
the successful auditory integration of these cues is the 
differentiation of direct and reverberant sounds [4, 5]. 
The characteristics of the direct sound and the 
directions of reverberant sounds serve as adequate cues 
to identify the direction of a moving sound source.  
One of the major aspects characterizing the direct 
sound of moving sources is the Doppler effect (Figure 
1.) which occurs if an object is moving towards or 
away from an observer. Depending on the velocity of 
the sound source the frequency is raised for objects 
moving toward the observer and lowered for objects 
moving away. In reverberant environments, the 
observer is able to perceive pitch differences between 
direct and indirect sounds. If the reflecting wall is 
behind an approaching sound source the frequency of 
the reflection is always lower than that of the direct 
sound. And in case of a receding sound source the 
frequency of the reflection is always higher than that of 
the direct sound. 
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Figure 1. Doppler effect 
 
It has been shown that the smallest noticeable 
difference between two distinct pitches is about 5 cents 
[6] depending on parameters like signal duration and 
frequency spectrum. Considering a pitch-change of 5 
cents emitted by a moving source whose signal is 
naturally affected by the Doppler effect, the resulting 
velocity would be about 2 km/h (= 0.56 m/s). 
Assuming that this auditory resolution is innate, it is 
still unknown for what purpose it was developed. But 
undoubtedly its application is very useful for the 
perception of relatively slow moving sound sources. 
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In the present study we focus on auditory cues that 
help us estimate the direction and the velocity of 
moving sound sources.  
In particular, we hypothesize that the Doppler 
effect and the resulting different characteristics of 
direct and indirect sounds constitute sufficient 
conditions for an adequate perception of the direction 
taken by a moving sound source.  
Additionally, we assume that subjects tend to be 
more sensitive to sources moving towards the observer 
than to those moving away, because of the greater 
evolutionary importance of knowing about 
approaching objects. 
 
2. Methods 
 
To study the role of the Doppler effect for the 
localization of moving sound sources, we performed an 
experiment with the setting shown in Figure 2 in an 
anechoic room. The subjects were positioned in front 
of a speaker at a distance of 4 meters and had to 
indicate via a response-box whether a sound source 
was moving towards or away from them. They had to 
press the left button in the first case, and the right 
button in the second case. To improve the illusion, we 
told the subjects that the speaker would be moved on a 
rail track towards and away from a fixed position. In 
fact during the sessions, subjects did not see the local 
setting. Their eyes were covered with blacked out 
glasses and they were not aware that the speaker was 
fixed. The stimuli were presented via a laptop; the 
experiment was designed with the experimental 
software Presentation (http://www.neuroexpt.com 
/nbs_online/). The stimuli simulating moving sound 
sources in reverberant environments were generated 
with patches programmed in Max/MSP. This enabled 
us to design an experimental setting which contrasted 
with other studies using a paradigm of horizontally 
moving sounds [7, 8, 9].  
In all experimental conditions amplitudes were held 
constant during the apparent movements of the sound 
sources. This is in line with studies that show that 
amplitude change is the most influential factor for the 
localization of moving sounds [10]. Furthermore, our 
simulation ensures constant absorption coefficients in 
the virtual environment and additionally an invariant 
direct-to-reverberant energy ratio. 
To our knowledge, this is the first study that has 
utilized a controlled acoustic environment with defined 
reflection characteristics to isolate the acoustic 
properties of moving sound sources influenced by the 
Doppler effect. 
 
 
 
Figure 2. The experimental setting 
 
2.1. Experiment 
 
Twelve subjects participated in the experiment (3 
females, 9 males, mean age = 17.3 years) none of 
whom reported any hearing disabilities. They were 
made familiar with the setting prior to experiment and 
were told that the speaker would move towards (on) 
and away (off) from them. Subjects were asked to rate 
each stimulus immediately after hearing it. We 
presented 3 categories of stimuli: sirens, pink-noise 
and sine tones. The total number of trials was 300. 
Each category was presented in 100 trials, where on- 
and off-moving sounds were equally distributed. All 
trials were presented in a pseudo-randomized order.  
The duration of the stimuli was 2 seconds, the 
initial delay of the reflection 0.1 second, the frequency 
shift 3% (corresponding to a velocity of the sound 
source of 10m/s) and the amplitude of the reflection 
was attenuated 12dB. The siren was simulated by a 
sine wave whose frequency alternated a fourth 
(frequency ratio 500Hz: 666.7Hz) every 0.25 second. 
The frequency of the direct sound was adjusted so that 
the direct sound in on-move and the reflected sound in 
off-move (and vice versa) were equal. We used 
standard pink noise. The frequency of the sine wave 
changed randomly by an amount of 10% around a 
center frequency of 1000Hz.  
 
3. Results 
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We applied a 2-way-ANOVA with two factors 
Condition (Sirens, Noise, Tones) and Direction (on-
/off-move). Statistics revealed two significant main 
effects Condition [F(2,12) = 16.5, p < 0.001] and 
Direction [F(1,12) = 68.9, p < 0.001] and a significant 
Condition x Direction interaction [F(2,12) = 4.9, p < 
0.05]. 
As indicated by one-sample t-tests, the ratings in 
the condition Tones do not differ from chance in any of 
the two directions. Additionally, t-tests revealed that 
the significant interaction is mainly based on two 
conditions Sirens (Sirens-on: p < 0.001) and Noise 
(Noise-on: p < 0.05, Noise-off: p < 0.01).  
 
 
 
Black bars show the percentage of the correct 
identifications of directions (-on/-off) of moving sounds. 
Error bars represent the corresponding standard 
deviations. Asterisks indicate significance levels of one-
sample t-tests (p<0.001(***), p<0.01(**), p<0.05(*)). 
 
Figure 3. Correct responses 
 
4. Discussion 
 
In general, our strategy of observing the ability of 
subjects to identify directions of moving sound sources 
by eliminating any amplitude changes was very 
fruitful. Since we chose three conditions that are 
strongly diversified regarding the perceivable influence 
of the Doppler effect, we expected different levels of 
accuracy depending on the acoustic complexity of 
spectral and temporal profiles. Thus, due to the 
acoustics of moving sources emitting Tones, which 
have poor spectral profiles, no perceivable pitch shifts 
characterizing the Doppler effect were apparent. On 
the other hand, pitch changes in Sirens lead to acoustic 
alterations that are clearly perceivable.  
However, our aim was to demonstrate the 
fundamental role of the Doppler effect as a basic 
principle for the identification of the direction of 
moving sounds. The proposed selectivity for stimuli 
characterized by different levels of acoustical 
complexity did meet our claims. On the basis of the 2-
way-ANOVA this can been seen as confirmed by 
considering the significant main effect Condition 
[F(2,12) = 16.5, p < 0.001] - subjects tend to be more 
accurate as a function of the acoustical complexity 
represented by our three categories of stimuli. 
Moreover, subjects show a consistent tendency to 
perform better in on-conditions, what is represented by 
significant main effect Direction [F(1,12) = 68.9, p < 
0.001].  
With respect to our hypotheses, we suggest that the 
three conditions (Sirens, Noise, Tones) satisfy different 
perceptual situations. 
Firstly, the data of the Sirens condition demonstrate 
that because of the Doppler effect the direction of 
movement of signals with time invariant pitch 
properties is clearly perceivable. Subjects are able to 
identify correctly 77% of approaching sound sources. 
We do not know yet to what extent the pitches of the 
reflections serve as a reference for the identification of 
the direction of motion. By isolating reflection 
characteristics in virtual acoustic environments, further 
studies may evaluate their influence on the perception 
of moving sound sources. Furthermore, subjects’ poor 
performance regarding the identification of Sirens 
moving away reflects the proposed tendency that 
observers are more sensitive to approaching sound 
sources than to those receding. 
Secondly, in the Noise condition which represents 
spectrally complex signals, pitch shifts due to the 
Doppler effect are not perceivable. Therefore, in this 
condition we provide an acoustically highly ambiguous 
situation. Nevertheless, statistically speaking, subjects 
were able to identify correctly a number of 
approaching stimuli (64%) which differs significantly 
from chance. Moreover, considering the Noise stimuli 
moving away from the observers point, subjects judged 
65% of sources moving away from them (wrongly) as 
moving towards them. Thus, as we assumed, we found 
that subjects strongly tend to perceive moving sound 
sources as approaching, if they emit ambiguous signals 
with respect to directional auditory cues. 
Thirdly, the ratings in the Tones condition, which 
do not differ from chance, refute the assumption that 
when uncertain subjects tend to rate moving sound 
sources as moving towards them. The Tones condition 
doubtlessly presented the most challenging task.  
With respect to our hypotheses we conclude that 
subjects performed as we suggested: First, we confirm 
the principle that the direction of moving sound 
sources emitting acoustically complex signals and 
therefore are strongly affected by the Doppler effect, 
can be correctly identified. This effect has to be 
understood as independent of amplitude changes, 
which is in line with situations found in nature where 
large distances can separate observers and moving 
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sound sources. Secondly, observers confronted with 
acoustically ambiguous cues (which fail to serve as a 
base for an accurate estimation of the direction of 
movement) tend to perceive that objects are moving 
towards their position definitely more often than 
chance would predict. 
Returning to the initially proposed role of the 
Doppler effect as an evolutionary relevant auditory 
cue, we conclude that in fact subjects are sensitive to 
the proposed acoustic input. Furthermore, regarding 
the considerable effect of selective perception by 
means of sounds moving towards the observers, we 
suggest that this mode of processing is driven by 
preconscious mechanisms. To explain better this 
process in future research, we plan to focus on 
preattentive action-related cortical potentials driven by 
auditory processing of minimal pitch changes in 
moving sound sources caused by the Doppler effect. 
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